Most models of vision focus either on the spatial or temporal aspects of visual processing and neglect the other component. A variety of studies have shown, however, that spatial and temporal processing cannot easily be separated. The shine-through effect has proven to be a sensitive tool to study spatio-temporal processing. Two very different dynamical models, the 3D-LAMINART and the WCTM model, have explained the key aspects of the shine-through effect. Based on computer simulations Francis (2009) proposed a set of predictions based on stimulus variants of the shine-through effect that are crucial for both models. Here, we tested these predictions psychophysically. Both models fail to correctly predict the outcome of these experiments.
Introduction
Visual perception of a target depends on both its temporal and spatial aspects. Theories of the dynamics of visual perception usually neglect the spatial dimension (reviews: Bachmann, 1994; Breitmeyer & Ögmen, 2006 , see also Breitmeyer, 1984; Enns & Di Lollo, 2000; Francis, 2000) , whereas theories of spatial vision often neglect the temporal aspects of vision (e.g., Levi & Klein, 1986; Malik & Perona, 1990; Wilkinson, Wilson, & Ellemberg, 1997; Wilson, 1986) . However, purely temporal as well as purely spatial approaches to vision are insufficient. As shown increasingly in recent studies, spatial and temporal processing cannot be easily separated (Duangudom, Francis, & Herzog, 2007; Enns & Di Lollo, 2000; Francis & Cho, 2008; Herzog, 2007;  for earlier approaches see also Grossberg & Mingolla, 1985; Weisstein & Harris, 1974) .
The shine-through and related effects are well established tools to study both temporal and spatial aspects of vision (e.g., Hermens & Herzog, 2007; Herzog, Dependahl, Schmonsees, & Fahle, 2004; Herzog & Fahle, 2002; Herzog, Fahle, & Koch, 2001a; ). In the shine-through effect, a vernier target is followed by a grating mask of 25 aligned verniers. Despite its large energy, the 25 element grating only weakly masks the vernier (Fig. 1A) compared to a five element grating that has lower energy (Fig. 1B, Herzog & Koch, 2001) . It is not the sheer number of elements of the mask that determines masking strength but the overall spatial layout of the mask. For example, removing two lines from the 25 element grating, thereby, creating an irregularity by means of gaps, makes vernier offset discrimination as difficult as with the five element grating (Fig. 1C , . In general, shine-through does not occur when the mask is irregular (Hermens & Herzog, 2007; Herzog & Fahle, 2002) . Herzog and Fahle (2002) proposed that shine-through depends on perceptual organization. When the elements of the mask group together, the vernier stands out and shine-through occurs. The basic findings in the shine-through effect cannot be explained by most classic models of backward masking (Anbar & Anbar, 1982; Bachmann, 1994; Breitmeyer & Ganz, 1976; Bridgeman, 1978; Francis, 1997; Weisstein, 1968) , because they lack a two-dimensional spatial component. Only two recent quantitative models offer an explanation of shine-through. A Wilson-Cowan Type Model (WCTM, Herzog, Ernst, Etzold, & Eurich, 2003; , Hermens, Luksys, Gerstner, Herzog, & Ernst, 2008 and the 3D LAMINART model (Cao & Grossberg, 2005; Francis, 2009) .
The WCTM is a structurally simple model (Wilson & Cowan, 1973) . The dynamics of this two layer network ( Fig. 2A ) act as an irregularity detector. Redundant elements of regular patterns are suppressed by lateral inhibition whereas irregularities are enhanced (Hermens and Herzog, 2007; . For example, activation corresponding to the grating boundaries prevails whereas activity corresponding to the inner elements is suppressed. In the 25 element grating, prevailing edges are sufficiently distant from the vernier that no interference occurs (Fig. 2C) . In contrast, the five element grating or the gap grating, leads to activation close to the vernier which leads to inhibition of the vernier (Fig. 2B) .
The 3D LAMINART model is a powerful, general model of vision. It has a much more complex structure than the WCTM, and some of its most important processing stages are schematized in Fig. 3A . It has been used to explain several visual phenomena like figureground distinctions (Grossberg, 1997) , texture segmentation (Grossberg, Kuhlmann, & Mingolla, 2007) , illusory contours (Grossberg & Mingolla, 1985) , visual persistence (Francis, Grossberg, & Mingolla, 1994) , metacontrast masking (Francis, 1997) , brightness perception (Grossberg & Hong, 2006) , aftereffects (Francis & Rothmayer, 2003) , 3D perception (Cao & Grossberg, 2005; Grossberg & Howe, 2003) and many others (Grossberg, 2007; Grossberg & Kelly, 1999; Grossberg & Yazdanbakhsh, 2005; Kelly & Grossberg, 2000; Raizada & Grossberg, 2003; Ross, Grossberg, & Mingolla, 2000) . Francis (2009) showed that the model can explain the key data on the shine-through effect and can also explain the phenomenology of the effect in terms of binocular vision.
In the 3D LAMINART model, shine-through is based on binocular matches between the vernier in one eye and the central grating element in the other eye. These false binocular matches lead to the perception of the vernier appearing in front of the grating. The dynamics of the 3D LAMINART model that give rise to shinethrough are depicted in Fig. 3 . A complete description of these simulations can be found in Francis (2009) . For the moment, focus on the foreground and fixation planes of the V2, Layer 2/3 cells (Fig. 3) , because it is here that binocular interactions and perceptual organization effects interact to produce shine-through. False binocular matches occur when the vernier in one eye is matched to the central grating element in the other eye. The horizontal shift in the respective spatial locations is interpreted as a depth cue by disparity selective cells in V2 ( Fig. 3 ; V2 foreground plane). Under regular viewing conditions, these false binocular matches are suppressed by activity in the fixation plane (see also McKee, Bravo, Smallman, & Legge, 1995) and this is what normally happens in the model (Fig. 3B ). While the model correctly does not produce shinethrough with a three element grating (Fig. 3B) , the model correctly produces shine-through with a nine element grating (Fig. 3C ). The only difference between the simulations is the numbers of elements in the mask grating. A key difference between the simulation in Fig. 3B and C is that because of the larger number of grating elements in Fig. 3C the upper and lower ends of the grating elements can form horizontal boundaries at the fixation plane (black horizontal lines). The strong activity of these horizontal edges suppresses the activity of the vertical vernier in the fixation plane. This vernier related activity in the fixation plane would normally inhibit the false binocular matches in the foreground plane (as in Fig. 3B ). The disinhibition allows the vernier activity in the foreground plane, generated by the false binocular matches, to persist and to be transferred to V4, where the activity in the foreground plane leads to the percept of a vernier in front of a grating ( Fig. 3C; V4 ). This kind of disinhibition is not generated with the three element grating in Fig. 3B because three elements are not sufficient to produce strong horizontal boundaries. The stimulus is fed into a mexican-hat filter (v) and passed on to an inhibitory and excitatory layer. Interactions of neural activity between and within layers occur via inhibition w i and excitation w e kernels Hermens et al., 2008) . (B and C) A right offset vernier (not shown) is followed by a five element mask (B) or a 25 element mask (C). In the excitatory layer, low activation is indicated by light gray values, high activity is indicated by dark gray values. In the WCTM, the boundaries of the grating are ''highlighted'' and the elements inside the mask are suppressed. The size of exemplary kernels, centered around the vernier position and the grating edges, are shown by the circles. Activity related to the grating suppresses vernier related activity if the edges of the grating are close to the target vernier (B), but not when the edges are distant from the vernier (C).
Based on these dynamics, the 3D LAMINART model predicts that any interruption of the horizontal grouping of the boundaries will abolish shine-through, whereas even irregular gratings that allow the grouping of the horizontal boundaries (e.g. Gillam, 1987) will lead to shine-through. Furthermore, the 3D LAMINART predicts that the absence of a possible target for false binocular matches will abolish shine-through.
Both the WCTM and the 3D LAMINART model did well on previously published data (Francis, 2009; Hermens & Herzog, 2007; Hermens, Scharnowski, & Herzog, 2010) . Based on modeling, Francis, 2009 proposed a series of new pattern masks as an acid test for the models (Fig. 4 ). Here, we tested these predictions.
General material and methods

General set-up
In experiments 1 and 2, stimuli were presented on either a HP 1332A or a Tektronix 608 X-Y display, both were equipped with P11 phosphor and were controlled by a PC via a fast 16 bit DAconverter at a 1 MHz dot rate. Stimuli were presented at a 100 Hz refresh rate, and a dot pitch of 200 lm. Viewing distance was 2 m. The room was dimly illuminated by a background light ($0.5lÂ). Stimuli were presented at 80 cd/m 2 on a black background. All stimuli were centered at the screen. Stimuli were preceded by a fixation dot 400 ms before stimulus presentation. A vernier consists of two vertical segments. Each segment was 10 0 (arcminutes) long, about 0.5 0 wide, and separated by a vertical gap of 1 0 . A small horizontal offset was inserted between the upper and the lower segment.
The horizontal spacing between grating elements was usually 3.66 0 but some of the grating elements were omitted in some of the experiments, as described below. Gratings were presented for 300 ms. In experiment 1, additional flanking elements were presented above and below the grating. These flanking lines were 8.5
0 long and presented with a vertical distance that corresponded exactly to the extension of the grating, i.e. 21 0 . Hence, the inner edges of the flanking elements are horizontally aligned with the outer edges of the grating elements. The luminance profile of all stimuli followed a step function, except for the ''blurred gratings'' of experiment 2. The overall extension of the stimulus did not exceed 80 0 horizontally and 36 0 vertically. Each condition was measured twice in runs of 80 trials each. The order of conditions was randomized across participants. Conditions were repeated in the reversed order to counteract practice and fatigue effects in the averaged data. Within each block of 80 trials, a different pseudo-random sequence of left and right vernier offset directions was presented.
Task and procedure
Observers were asked to report the offset direction of the lower part of the vernier with respect to the upper part by pushing one of two buttons. Offset discrimination thresholds were determined via the adaptive PEST strategy (Taylor & Creelman, 1967) . The threshold and slope of the psychometric function (cumulative Gaussian) Only representations corresponding to the right eye are shown. Activities corresponding to the left eye are identical. Please refer to the original publication for more details (Francis, 2009) . (B and C) Activation in the retinotopic representation of the 3D LAMINART model. A vernier followed by a grating mask leads to activation throughout all representations of the fixation plane and in the foreground level of V2 and V4. The competition between horizontal and vertical boundaries cause a suppression of the horizontal activity for the three element mask in V2 (B), while it inhibits activity for the vertical boundaries in the nine element mask (C). Overlapping edges in the foreground and fixation plane inhibit each other (in V2). Therefore, the false binocular matches in the foreground plane for the three element mask are more strongly inhibited, than for the 9 element mask. This leads to suppression of the vernier representation in the V4 surface area when followed by the three element grating (and actually facilitates the percept of a vernier of the opposite offset direction). In contrast, the strong horizontal boundary of the nine element grating weakens the vertical edges at the vernier location and prevents the V2 competition between foreground and fixation level from inhibiting the false binocular matches. Note, that only activity of one point in time is plotted. The dynamics of the activation are depicted in Francis (2009). were estimated by means of a maximum likelihood analysis (Wichmann & Hill, 2001 ). The guessing rate was set to 50% and the lapsing rate was set to 3%.
Model fitting
All model parameters are as in Francis (2009) for the 3D LAMIN-ART and as in Hermens et al. (2008) for the WCTM, respectively. These parameters have previously been successfully used to predict human performance in shine-through and related conditions and were not optimized to specifically fit the current set of data. In the current study only the linking function (1) (Hermens et al., 2008) was optimized to fit the average performance of the participants.
In experiment 1, the target evidence v was fitted to the vernier threshold T using the free parameters a and b, while keeping c constant (=1). The fitting of a and b was based on the performance of the current participants in the ''# 25'' and ''# 5'' conditions of Experiment 1. This fitting links model output to human performance and does not relate to the ''visual processing'' of the model. The fitting allows the model output to be fairly contrasted with the thresholds of the new participants. The values 15 and 335 establish lower and upper limits on the vernier offset thresholds that are consistent with experimental data. After fitting, parameters a and b were kept fixed throughout all experiments (3D LAMINART: a = 0.0142, b = 110.29; WCTM: a = 0.3043, b = 0.9453). To fit the model performance in experiments 2 and 3 to the performance of the observers c was used as a scaling factor, adjusting model performance to the observer performance in the '# 25'' condition. In the 3D LAMINART model target evidence v is defined as the maximum of the template match of V4 activity in either the foreground or the fixation plane.
In the WCTM v is defined as a template match in the excitatory layer.
Observers
Nineteen observers gave informed written consent for participation in the study, which was approved by the local ethics committee. Participants had normal or corrected-to-normal visual acuity as measured by the Freiburg visual acuity test (Bach, 1996) . Observers were paid students from the University of Bremen, University of Lausanne or the École Polytechnique Fédérale de Lausanne (EPFL) and naïve to the purpose of the experiment.
Experiments
Experiment 1
This experiment tests the model predictions described by Francis (2009) .
Methods
A vernier was presented for 20 ms, followed by a pattern mask, which was presented for 300 ms (Fig. 4) . In the ''# 25'' condition, the grating consisted of 25 elements. In the ''# 5'' condition, only the central five elements of the grating were presented. The remaining pattern masks are based on the 25 element grating and are constructed by omitting grating elements and by adding flanking lines. The masks are shown in Fig. 4 . Four naïve observers and two of the authors participated in the study (2 female, ranged 23-43 years).
Results and discussion
In accordance with previous findings, observers could reliably discriminate small vernier offsets in the ''# 25 '' condition (39.65 00 , SEM = 6.1) but not in the ''# 5'' condition (188.8 00 , SEM = 45.4). These two conditions have been used to fit model performance.
A key characteristic of the other pattern masks shown in Fig. 4 is that according to the 3D LAMINART model, all of these patterns should produce strong horizontal boundaries. This is the case because gaps in the main grating are always replaced by flankers at the same horizontal position. The horizontal boundaries can connect with either the standard grating elements or the flankers. Thus, the different pattern masks ''explore'' how other factors influence vernier visibility while keeping the grouping signals constant.
For the ''no center'' condition, the 3D LAMINART model predicts intermediate performance, as no target for false binocular matches is present whereas the lack of the central element should lead to reduced masking. The WCTM predicts strong masking of the vernier by the surrounding edges. The prediction of the WCTM, but not of the 3D LAMINART, is supported by the experimental finding. Observer performance was quite poor and similar to the ''# 5'' mask (203.29 00 , SEM = 46.6). In the ''minimal kernel'' condition, the 3D LAMINART model again predicts intermediate performance due to a weak shinethrough effect. A target for false binocular matches is present, but the absence of neighboring elements in the center of the mask leads to reduced lateral inhibition in the fixation plane and therefore -due to the inhibition of the foreground plane by the fixation plane -only a weak signal in the foreground plane. The WCTM predicts that the boundaries of the flanking lines and the boundaries of the grating inhibit each other, rather than the vernier. The 3D LAMINART model underestimates and the WCTM strongly overestimates performance (84.49 00 , SEM = 13.9). Neither model matches the empirical data for this condition.
In the ''4 lines gap'' condition, both the WCTM and the 3D LAM-INART models predict shine-through to occur. For the 3D LAMIN-ART model, a target for false binocular matches is present, and, unlike in the ''minimal kernel'' condition, they are sufficiently inhibited by lateral inhibition in the fixation plane to allow for a strong signal in the foreground plane. For the WCTM the boundaries formed by the central five grating elements, the flanking lines and the outer grating elements inhibit each other, thereby allowing the vernier to stand out. However, both models grossly overestimate performance. Observer performance was as deteriorated as in the ''# 5 '' condition (193.86 00 , SEM = 43.3). In the ''anti-context'' condition, the 3D LAMINART model predicts strong shine-through to occur and nearly the same performance as in the ''# 25'' condition. The horizontal boundaries group, a target for false binocular matches is present and the false binocular match in the foreground plane is disinhibited by lateral inhibition of the target representation in the fixation plane caused by the central five lines. The WCTM predicts a strong deteriorated performance, because the flanking lines and the central grating elements are grouped into separate objects, each creating strong suppressing edges in the vicinity of the vernier. Indeed, observer performance was strongly deteriorated (184.79 00 , SEM 37.29) and was similar to the ''# 5'' condition rather, than the ''# 25'' condition. The flanking lines did not change performance.
In the ''no kernel'' condition, the 3D LAMINART model predicted no shine-through to occur, due to the lack of a target for false binocular matches, but overall good performance, as the pattern mask exerts only little masking on the target. In contrast, the WCTM predicted a strong suppression of the vernier, because it is strongly inhibited by the strong boundaries formed by both, the flanking lines and the outer grating elements. Both models underestimated observer performance. Thresholds were low (33.53 00 , SEM = 1.3). The large gap in the center of the pattern mask led to performance as in the ''# 25'' condition.
In summary, both models failed to predict observer performance in most cases (WCTM: r 2 = 0.03, 3D LAMINART model: r 2 = 0.14).
Experiment 2
Even though the 3D LAMINART model often failed to reproduce the experimental data, it may be that the basic idea of false binocular matches is still valid but not simulated properly with the current model parameters. To avoid this problem, we focussed on the principles of the model behavior that should hold for essentially any set of parameters that are consistent with the fundamental idea of the model.
We tested how the horizontal edges of the grating influence the occurrence of shine-through by creating blurred mask elements that should not produce horizontal contours. Model performance was again compared to experimental data. Although this stimulus set matters less for the WCTM, it was also subjected to the same stimuli.
Methods
A vernier was presented for 20 ms, followed by a 25 element grating mask. Grating elements were either 20 0 or 30 0 each (Fig. 5) . In addition, the luminance profile of the line endings followed either a sharp step function as in the regular gratings or were blurred with a sigmoidal luminance profile. The sigmoidal blurring extended across 10 0 . Such blurring is known to reduce the formation of illusory contours (Kennedy, 1988; Petry & Gannon, 1987) . The total luminance of both grating types was identical. Five naïve observers and one of the authors participated in the study (2 female, ranged 23-44 years). Fig. 5B shows that the thresholds of human observers were nearly identical regardless of the length and blur of the 25 element grating. This result shows that the vertical distance of the outer edge to the target vernier is not relevant for shine-through. This was predicted by neither the WCTM nor the 3D LAMINART model. Both models predicted increased thresholds for the longer grating. According to the 3D LAMINART model, the longer vertical edges compete with horizontal boundaries of the grating that would normally be formed across the entire length of the middle of the Human performance is independent of grating length and blur. The 3D LAMINART model is highly sensitive to blur predicting strongly deteriorated performance for both longer grating elements and blurred edges. The WCTM does predict performance for blurred edges well, but not for the longer elements.
Results and discussion
grating. Without the grouping of the middle horizontal boundaries, the vernier activity in the fixation plane persists and the vernier activity in the foreground plane is suppressed. The lack of foreground activity abolishes the shine-through effect (Fig. 3A) . In the blurred condition, the 3D LAMINART model predicted an increase in thresholds as the blurred horizontal edges do not activate horizontal orientation selective cells as strongly as sharp edges would. Therefore, the horizontal activations at the upper or lower boundary of the grating cannot group together and hence do not inhibit the vertical activity in the fixation plane. This remaining activity in the fixation plane inhibits foreground activity at the same location and prevents shine-through (Fig. 3A) .
The WCTM predicts good performance for gratings of normal length, regardless of the shape of the edge, as they are homogenous. For the long grating, the shine-through effect recovers with blurred edges as the blurring leads to less activity that inhibits the vernier related activity compared to the sharp edge condition.
These results suggest that, contrary to the central hypothesis of the 3D LAMINART model, formation of a horizontal boundary (or an illusory contour) is not crucial for shine-through to occur. Phenomenologically, the mask elements easily group together independent of their size or edge type. Hence, these results are very much in line with the idea that perceptual grouping of the mask allows shine-through to occur.
Experiment 3
In the previous experiments, we targeted the role of the grating boundaries. Here, we tested the prediction of the 3D LAMINART model that false binocular matches are needed to support shinethrough by presenting the vernier and mask monoptically, which should prohibit the formation of false binocular matches. No simulations are included for the WCTM because it does not involve 3D representations.
Methods
Two Tektronix 608 X-Y displays equipped with a P31 phosphor were placed in a right angle to each other with a beam splitter (ST-SQ-NP40, National Photocolor) in between at a 45 angle. Linear polarization filters (Polaroid HN32) were used as face-plates for the monitors as well as for the glasses, which were attached to a custom-made chin/head rest. The monitor for the right eye was aligned to the line of sight and had a horizontal polarizing faceplate, while the monitor for the left eye was mirrored by the beam splitter and had a vertical polarizing face-plate. For each observer, ocular dominance was determined using Porta's eye dominance test (della Porta, 1593).
A target vernier was presented for 10 ms (one subject) or 20 ms (all other subjects), followed by a 25 element grating mask. Vernier duration was chosen for each observer individually to yield a performance close to 50 00 in the binocular condition, i.e. the ''# 25'' standard condition. Vernier and mask were either presented to both eyes (binocular viewing condition), to different eyes (dichoptic viewing condition), or one eye only (monocular vision, Fig. 6 ). Offset discrimination thresholds were determined. Data for each eye were analyzed separately. Four naïve observers participated in the study. two conditions. There is no possible target for a false binocular match in the monocular condition. In the dichoptic condition, no false binocular match is created by the model. Instead, the difference in the input to the two eyes causes a detectable foreground signal that is caused by the binocular luminance differences at the location of the vernier and this would allow an observer to perform the task.
Results and discussion
The model correctly predicts a drop in performance in the monocular condition, but overall underestimates performance. Vernier discrimination thresholds were around 0.5 0 in the binocular viewing condition and about the same in the dichoptic viewing condition. Thresholds in the monocular viewing condition are increased, but not as much as predicted by the 3D LAMINART model. Hence, the results suggest that false binocular matches are not crucial to explain performance in shine-through.
Observer performance can be fully explained by the interplay of reduced monocular vernier acuity and reduced dichoptic masking. Vernier acuity has been shown to be based on binocular input (Mussap & Levi, 1995; Osuobeni, 1992) and performance is generally reduced in the monocular and dichoptic viewing condition as the vernier is presented monocularly in both conditions. But performance in the dichoptic condition is not impaired in the shine-through task. This lack of impairment can be explained by the finding that monocular backward masking of the vernier by the grating in the monocular viewing condition (Fig. 6C) is stronger than inter-ocular suppression of the vernier by the grating in the dichoptic viewing condition ( Fig. 6B ; see also Macknik & Martinez-Conde, 2004) . Combining these findings explains observer's performance. With inter-ocular suppression instead of backward masking in the dichoptic viewing condition, reduced monocular vernier acuity and reduced (dichoptic) masking possibly cancel each other out, while in the monocular viewing conditions decreased vernier acuity and strong (monocular) masking both impair performance. Hence, false binocular matches are not necessary to explain the current results.
Discussion
Previous studies have shown that shine-through depends in subtle ways on the spatial and temporal layout of the mask (e.g. Herzog and Fahle, 2002; Herzog et al., 2000; Herzog, Harms, et al., 2003; Herzog, Schmonsees, & Fahle, 2003; Herzog et al., 2001a; Herzog et al., 2001b; . On a level of perceptual organization, it was proposed that shine-through occurs when the elements of the mask can be grouped together and the vernier stands out. Based on the phenomenology of shine-through, the 3D LAMINART model explains the shine-through effect by a horizontal grouping of the outer boundaries of the grating elements which then lead to a misinterpretation of temporally separated information (i.e. the vernier and the following central grating element) as a binocular depth cue. On the basis of his computational simulations (Francis, 2009) proposed new crucial conditions for the 3D LAMINART model and the WCTM. We tested these predictions here and found that neither model explained the data well.
Experiment 2 rejected the idea, derived from the 3D LAMINART model, that a horizontal grouping of grating boundaries is necessary for shine through to occur. In experiment 2, the size and luminance profile of the grating elements had no impact on shine-through even though it should have a large impact according to the 3D LAMINART model (Fig. 5) . Interestingly, the same stimuli also proved inconsistent with the WCTM.
Experiment 3 tested another key idea of the 3D LAMINART model, that the phenomenology of shine-through, i.e. the vernier appears in front of the grating, can be explained by false binocular matches. The experimental data do not support this hypothesis, as monocular presentation of the vernier and 25 element grating did not impair performance as much as a five element grating under regular binocular viewing conditions (Figs. 4 and 6) . Hence, shine-through need not be based on false binocular matches.
Implications for models
Since the data do not generally support either model's predictions, it is important to try to identify what has gone wrong. It is tempting to conclude that the new empirical data falsifies both of the models. Of course, in one sense this conclusion is entirely correct. The data do not come out as predicted, so something must be wrong with the model simulations. However, this conclusion is not as useful as it might seem unless the failures provide some guidance about how the model predictions are flawed. The possibilities range from incorrect parameter choices to rejection of model principles, with several positions in between.
We believe that changes to model parameters are unlikely to be able to account for our data set and simultaneously be able to account for the previous data sets covered by the models. The tests proposed here were designed to address fundamental aspects of the models' behavior. For example, a key property of the 3D LAMINART model is that false binocular matches provide the ''energy'' needed to create the boundary representation that leads to the shine-through percept in the foreground disparity plane. There is no change in parameters that will produce false binocular matches with monocularly presented stimuli. It is more difficult to rule out the possibility that alternative parameters could rescue the WCTM, but the situations where it struggles (long mask elements and flankers) were already identified by Hermens et al. (2008) as situations where it was impossible to find appropriate parameter settings.
A second possible interpretation is that a model is fundamentally sound, but that the simulations do not properly instantiate the model ideas. For example, the simulations in Francis (2009) do not provide a full simulation of every aspect of the 3D LAMIN-ART model. The model is so complex that a full simulation of every aspect of the model has yet to be created. In particular, the mechanisms that promote perceptual grouping of the horizontal boundaries at the end of the mask grating are quite simple in the simulations of Francis (2009) , because the simulation includes only vertical and horizontal oriented cells. We cannot rule out the possibility that a more detailed simulation may behave differently and provide a better match to the empirical data. In an effort to mitigate this possibility, we chose tests that we believed would test robust properties of the models, regardless of the details of the simulation. For example, all of the masks in Experiment 1 were hypothesized to produce strong horizontal contours. We believed this was a robust property of the 3D LAMINART model because precisely this mechanism was used by Francis (2009) to explain the presence or absence of shine-through in a wide variety of situations. In a similar way, one might want to add complexity to the WCTM by adding time delays between neurons and then explore whether this property changes the model behavior to better match the empirical data. Changes of this type are speculative, but the empirical data does provide some guidance about how to proceed.
Yet another possibility is that the model linking hypothesis, that connects model behavior to the empirical data, hides crucial model properties. We do not think this situation is happening with our simulations because the linking hypothesis has done a good job connecting model behavior and empirical data for previous analyses and because for both models the linking hypothesis is just a linear transformation of a representation of information corresponding to the target vernier. There may be alternative linking hypotheses superior to what is used here, but we would be quite surprised if this kind of change altered the conclusion of our empirical tests.
It would be most interesting if the data challenged fundamental model principles. This might be the case for the 3D LAMINART model, but one would want to rule out that a more detailed simulation of the model could not account for the new empirical data before coming to that conclusion. The 3D LAMINART model is such a complex and varied model that it is unlikely to be rejected by a single set of data. It may be the case that the interactions hypothesized by Francis (2009) are not actually responsible for the shinethrough effect. However, by itself this failure does not discredit the entire model. For example, the lateral inhibition mechanisms that are part of the WCTM are also part of various stages of the 3D LAM-INART model. Thus, it is possible that different mechanisms of the model will be able to account for different data sets. Perhaps different mechanisms play different roles in different contexts. A strength of the 3D LAMINART model is that it can be explicitly simulated and tested, as shown here.
The WCTM is not a detailed model of human vision. Instead it is a model that has been proposed to emulate robust properties of the visual system. Despite its simplicity, it can account for a basic idea behind the shine-through effect, that is that the vernier stands out if the grating elements are grouped and the boundaries are spatially distant to the vernier. This grouping, however, seems to be more complex than what is implemented by the WCTM. Our current data could be used to argue that this level of model description is inappropriate and the WCTM needs to become more complex and principled to account for our data. Including orientation sensitive cells and incorporating lateral inhibition as found in area V1 would provide some additional structure to the model. It is not known whether such changes would also allow the model to account for our new empirical findings.
Alternative approaches and models
A variety of models of visual perception have been proposed in the past. With the exception of the two models presented here, most models are unable to deal with the spatiotemporal dynamics necessary to explain the shine-through effect. Models generally either focus on temporal aspects but lack a spatial component (Anbar & Anbar, 1982; Bachmann, 1994; Bridgeman, 1978; Francis, 2003; Weisstein, 1968) , or focus on spatial aspects and lack a dynamical component (Craft, Schütze, Niebur, & von der Heydt, 2007; Geisler & Super, 2000) . The models by Zhaoping (2003) and by Thielscher and Neumann, 2003 both model time-varying two-dimensional input. However, in its current version the model by Zhaoping shows strong collinear facilitation (Li, 1999 (Li, , 2000 Zhaoping, 2003) that contradicts the collinear suppression found in shine-through (Herzog, Schmonsees, et al., 2003) . The other model, the neurophysiologically plausible model on texture segmentation by Thielscher and Neumann (2003) focusses on the formation of boundaries from textures. In its current version, it will possibly suppress all vernier related activity as long as it is within a texture boundary of the grating.
Conclusion
Shine-through is a highly sensitive tool to study both temporal and spatial visual processing as well as their interactions. Traditional masking theories fail to explain shine-through and only two theoretical, yet physiologically plausible models, have provided explanations into how shine-through comes about. However, neither explanation is supported by the current experimental results.
The fact, that both models fail to explain shine-through should be seen as an opportunity to improve and enhance the models. To understand the complex interactions between spatial and temporal vision, computational models are necessary tools because non-linear interactions cannot be determined without them. The sensitivity of shine-through provides a tool to investigate the interplay between the different mechanisms that are built into the 3D LAMINART model and will continue to provide helpful constraints on this highly complex model.
